ABSTRACT: TiO 2 has been well studied as an ultraviolet (UV) photocatalyst and electrode material for lithium-ion rechargeable batteries, but, with limited optical absorption and lithium-ion storage capacity, respectively. Our recent discovery of hydrogenated black TiO 2 nanocrystals has opened a new avenue towards long-wavelength absorption and has triggered intense research interests for its many applications. However, safety is a concern for the hydrogenation reaction of crystalline TiO 2 under a hydrogen environment at high temperatures. Here we demonstrate that the photocatalytic and the battery performance can be successfully improved with a facile low-temperature vacuum process on the TiO 2 nanocrystals. These TiO 2 nanocrystals extend their optical absorption far into the visible-light region, display nanometer-scale surface atomic rearrangement, possess superoxide ion characteristics at room temperature without light irradiation, show a 4-fold improvement in photocatalytic activity, and 30% better performance in capacity and charge/discharge rates for lithium ion battery. This low-cost, facile method thus could provide an alternative and effective approach in efforts to improve the performance of TiO 2 and other materials towards their practical applications.
Introduction
Titanium dioxide (TiO 2 ) nanomaterials have been widely studied as photocatalysts. [1] [2] [3] [4] [5] [6] As TiO 2 only absorbs light in the ultraviolet region, much effort has been devoted in improving the optical and photocatalytic performance of TiO 2 , such as by metal or non-metal doping, [7] [8] [9] [10] [11] and compositing. [12, 13] Our recent discovery of "black" TiO 2 nanoparticles modified by hydrogenation has opened a new avenue towards improvement of long-wavelength optical absorption and high photocatalytic activity, [14] which has triggered great interest. [15] [16] [17] [18] [19] [20] [21] [22] Black TiO 2 can be obtained by hydrogenation at elevated temperature from pure white TiO 2 under a high-pressure hydrogen atmosphere. [14] Recent study has shown that hydrogenated TiO 2 performed in an ambient pressure atmosphere consisting of 5 vol% H 2 in Ar displayed better lithium ion battery performance due to the increased electronic conductivity resulted from the increased oxygen vacancy concentration. [20] Titanium dioxide (TiO 2 ) has also been studied as an anode material for lithium ion batteries. [23] [24] [25] [26] [27] [28] [29] [30] The reaction between lithium and TiO 2 is expressed as:
where x is the mole fraction of lithium in the titanium dioxide. TiO 2 can offer a capacity up to its theoretical value at 335 mAhg -1 , or 1.0 Li per TiO 2 . For bulk anatase TiO 2 , x = 0.5 is usually reported as the maximum. [28, 29] High power batteries require fast charge/discharge rates, or fast lithium diffusion rates through the electrode materials. The diffusivity of Li in TiO 2 mostly depends on two major transport processes: the electronic conductivity and the Li + diffusivity. [30] However, only a thin 4 surface layer of the host material is available for Li intercalation at high charging-discharging rates for bulk materials due to the low diffusion coefficient (10 -11 -10 -13 cm 2 s -1 ) and the low electronic conductivity in the solid phase. [26] Conductive secondary phases, such as conductive carbons, [23] carbon nanotubes, [26] graphene, [27] and (with much more improved conductivities) RuO 2 , [30] have been used to improve the electronic conduction paths in the host material.
In this study, we demonstrate that the photocatalytic and the battery performance of crystalline TiO 2 nanocrystals can be successfully improved with a facile low-temperature vacuum process. The vacuum-synthesized TiO 2 nanocrystals displayed a four-fold improvement in photocatalytic activity and a 30% improvement in capacity and better rate performance for lithium ion batteries. Vacuum-treated TiO 2 nanocrystals displayed apparent color change to yellow from white pristine TiO 2 nanocrystals ( Figure 1A ). This suggested that the vacuum-treated TiO 2 nanocrystals had an optical response in the visible light region.
Results and Discussion
Pristine TiO 2 only had absorption in the UV region (< 400 nm), but the vacuum-treated TiO 2 nanocrystals extended their absorption from UV into near infrared (1100 nm) ( Figure 1B ). Both samples showed particle sizes around 15 nm in diameter as seen from their low-resolution (Supporting information Figure S1 ) and high-resolution transmission electron microscopy (HRTEM) images ( Figures 1C and   1D ). Pristine TiO 2 nanocrystals were highly crystalline throughout the whole particle 6 as indicated by the observed crystalline fringes ( Figure 1C ), while vacuum-treated TiO 2 nanocrystals displayed a crystalline core with a disordered amorphous shell approximately 2-4 nm thick ( Figure 1D ). Strong diffraction peaks of both samples suggested that they had highly crystalline anatase phases ( Figure 1E ). The crystalline domain size was calculated using the Scherrer equation: τ = (Kλ)/(βcosθ), where τ is the mean size of the ordered (crystalline) domains, which may be smaller or equal to the grain size, K is the shape factor with a typical value of 0.9, λ is the X-ray wavelength, β is the line broadening full width at half maximum (FWHM) peak height in radians, and θ is the Bragg angle. [6, 22, 31] (E g ), [14, [32] [33] [34] [35] [36] [37] but vacuum-treated TiO 2 nanocrystals displayed only a very weak peak around 148 cm -1 (E g ) and displayed a large luminescence background ( Figure 1E ), which are the typical characteristics of an amorphous phase. [33] This verified the existence of the amorphous phase in vacuum-treated TiO 2 nanocrystals observed in the HRTEM images. To examine the possible contaminations from any vacuum-oil components, we used Fourier-transformed infrared spectroscopy (FTIR) to see if there were any organic residues from the tubing or sealing material in the oven, although a dry pump was used in the experiments to provide the low-level vacuum of around 1-3 mtorr.
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Both TiO 2 nanocrystals displayed similar features: broad-band OH band absorption from 3500 cm -1 to 3000 cm -1 due to the stretch region of the surface hydroxyl groups and molecularly chemisorbed water, [38] [39] [40] band absorption around 1640 cm -1 due to the O-H bending of molecularly physisorbed water from the open environment, [38] [39] [40] sharp and large O-Ti-O vibrations in the TiO 2 lattice below 1000 cm -1 ( Figure 2A ). [38] No apparent absorption bands were observed for other compounds. This suggests that all the samples are free of possible contaminations.
To examine any creation of free radicals in these nanocrystals, we conducted electron spin resonance (ESR) studies on both samples. The ESR measurements were performed at room temperature and without light irradiation. Pristine TiO 2 nanocrystals did not show any free radical formation characteristics, but vacuum-treated TiO 2 nanocrystals displayed a large response near g factor of 2.004, which was the typical characteristic of superoxide radicals attached to the oxygen vacancy sites in the oxide materials. [41] [42] [43] [44] [45] [46] [47] This suggested that oxygen vacancies were generated in the vacuum-treated TiO 2 nanocrystals. It is well known that oxygen vacancies can be created by putting TiO 2 under an ultra-high vacuum environment at high temperatures. [5] The creation of oxygen vacancy in these TiO 2 nanocrystals at low vacuum levels and low temperature could be related to the reduced energies required to remove the oxygen from the lattice due to the nanoscale thermodynamic effect. [48] [49] The formation of the oxygen vacancy under the vacuum process can be simply written as using the Kröger-Vink nomenclature:
where O O , and
V represent lattice oxygen, and oxygen vacancy, respectively. [50] To further examine the surface chemical bonding and valence band information, we performed X-ray photoelectron spectroscopy (XPS) measurements on both samples. The positions of the peaks were calibrated to the carbon peak at 284.6 eV.
Although both TiO 2 nanocrystals displayed typical Ti 2p core-level XPS spectra with Ti 4+ characteristics (strong Ti 2p 3/2 peak at binding energy around 459.0 eV and Ti 2p 1/2 near 464.8 eV [9, 11, 14, 17] ), vacuum-treated TiO 2 nanocrystals also displayed a shoulder near 457.0 eV, which was characteristic of Ti 3+ . [9, 11] Apparently, Ti 3+ was also created by the vacuum process in the TiO 2 nanocrystals ( Figure 2C ). The formation of Ti 3+ could be associated with the formation of the oxygen vacancy as: Ti represent lattice titanium, and Ti 3+ in the lattice titanium position, respectively. [50] The O 1s core-level XPS spectra of both samples were very similar ( Figure 2D ): a major peak around 530.0 eV from the O 2-ions in the O-Ti-O lattice, and a small shoulder peak around 531.5 eV due to the OH groups on the surface. [11, 14, 17] Both samples displayed identical C 1s core-level XPS spectra with one peak near 284.6 eV ( Figure 2E ). The carbon signals were attributed to carbon deposited on the samples from the atmosphere during the XPS measurements. Both samples displayed identical valence band XPS (VBXPS) spectra, and no additional electronic states above pristine TiO 2 nanocrystals were observed for the vacuum-treated TiO 2 nanocrystals ( Figure 2F ). This is consistent with the conclusion that oxygen vacancy or more likely Ti 3+ in the current study caused additional electronic states below the conduction band of pristine TiO 2 crystals, as supported by many previous experimental and theoretical studies. The variation of discharge capacity versus cycle number for the first 200 cycles for pristine and vacuum-treated TiO 2 nanocrystals is shown in Figure 3A . The discharge capacity here corresponds to the Li-insertion process, the discharge of the half-cell, as the TiO 2 was the positive electrode in the half cell. The initial discharge capacity of the vacuum-treated TiO 2 nanocrystals was 246 mAh/g at C/25 rate, slightly higher than that of the pristine TiO 2 nanocrystals (237 mAh/g). The vacuum-treated TiO 2 nanocrystals displayed lower capacity than the pristine TiO 2 nanocrystals ( Figure 3B ) in the next four cycles, and then outperformed after the fifth cycle. After 200 cycles, the discharge capacity of the vacuum-treated TiO 2 nanocrystals was 140 mAh/g at 1C rate, 34.5% higher than that of the pristine TiO 2 nanocrystals (104 mAh/g). The discharge capacity of the vacuum-treated TiO 2 nanocrystals decreased almost linearly, while the discharge capacity of the crystalline TiO 2 nanocrystals decreased rapidly in the first 50 cycles and then decreased slowly.
The galvanostatic charge/discharge profiles at first cycle at C/25 rate, 35 th cycle at 1C rate, and 100 th cycle at 1C rate for the electrode made of the pristine and e vacuum-treated TiO 2 nanocrystals are shown in Figure 3C and Figure 3D . Besides the larger charge/discharge capacity at various cycles, the vacuum-treated TiO 2 nanocrystals show larger charge/discharge plateaus and smaller potential difference between the charge and discharge cycle. For example, the potential difference between the first charge and discharge cycle of the vacuum-treated TiO 2 nanocrystals is about 0.11 V, 42.1% smaller than that of the crystalline TiO 2 nanocrystals of about 0.19 V. This smaller potential difference could hint that the decreased transport resistance and weaker chemical bonds between the host matrix and the Li + inserted in the disordered layer, or in other words, due to the higher electronic conductivity of the vacuum annealed samples, possibly associated from the formation of oxygen vacancy [20] and Ti 3+ as seen from the XPS results. The larger charge/discharge plateaus and smaller potential difference of the vacuum-treated TiO 2 nanocrystals suggest that the 13 charge transfer is easier than in the vacuum treated TiO 2 nanocrystals. [30, 51, 52] This can be linked to the increase electronic conductivity due to the formation of the oxygen vacancies reported in the study by Shin et al. as the key to the improvement of electrochemical properties. nanocrystals. In the first 18 cycles, the charge and discharge were using the same rate 15 for each cycle; for the following cycles, the discharge rate was kept at 1C and only the charging rates changed.
Vacuum-treated TiO 2 nanocrystals also showed better rate performance than the pristine TiO 2 nanocrystals (Figure 6 ). In the first 18 cycles of the testing, the charge and discharge were carried out using the same rates for each cycle; in the following cycles, the discharge rate was kept at 1C and only the charging rate changed. As expected, the mass specific capacity decreases for both samples as the charging/discharging rate increases. For example, the capacity of crystalline and 12 mAh/g (50C). Apparently, the vacuum-treated TiO 2 nanocrystals show better performance over the crystalline TiO 2 under the same testing condition, i.e. at higher charging/discharging rates. In other words, at the highest charge/discharge rate, 50C, the vacuum-treated TiO 2 displayed 69% capacity increase over crystalline TiO 2 .
When the discharge rate was kept at 1C and only the charging rate was changed, the discharge capacity of both samples increased, compared to the case where both the charging/discharging rates are the same. Again the discharge capacity of the vacuum-treated TiO 2 is much higher than that of the crystalline TiO 2 . For example, at 50C charging rate, the discharge capacity of the vacuum-treated TiO 2 nanocrystal is 44 mAh/g, 26% higher than that of the crystalline TiO 2 . The enhancement lithium ion battery performance of the vacuum-treated TiO 2 can be again linked to the fact that formation of the oxygen vacancies leads to increased electronic conductivity as reported by Shin et al. [20] 
Conclusions
In summary, we have demonstrated that a vacuum treatment of crystalline TiO 2 nanocrystals at mild temperature and under low-level vacuum can bring about dramatic changes in their structural, optical, electronic and chemical properties. These TiO 2 nanocrystals have displayed much higher photocatalytic activity and improved lithium ion storage performance over the pristine TiO 2 nanocrystals. Thus, this method could provide another way to modify TiO 2 and other oxide nanocrystals in our effort to improve their performance for practical applications.
Experimental Section
The pristine TiO 2 nanocrystals were prepared as follows. [14] Briefly, we prepared TiO 2 nanocrystals with a precursor solution consisting of titanium tetraisopropoxide, ethanol, hydrochloric acid, deionized water, and a polymer template, Pluronic F127.
The solution was maintained at 40 °C for 24 hours and then dried at 110°C. The dried powders were calcinated in air at 500 °C for 6 hours to obtain pristine TiO 2 nanocrystals. Finally, the pristine TiO 2 nanocrystals were treated under low vacuum The Raman spectrometer is equipped with a 300 mW diode laser and the excitation wavelength is 785 nm. The spectrum range was from 100 cm -1 to 3100 cm -1 . The spectrum collection time was 4 seconds and was averaged over three measurements to improve the signal-to-noise ratio. Fourier-transformed infrared spectroscopy (FTIR) was used to monitor the decomposition process of the sample. The FTIR spectra were collected using a Thermo-Nicolet iS10 FT-IR spectrometer with an attenuated total reflectance (ATR) unit. The electron spin resonance (ESR) spectra were collected on a Benchtop Micro-ESR™ machine. The ESR measurements were done at room temperature without light irradiation. We performed X-ray photoelectron spectroscopy (XPS) measurements on a PHI 5400 XPS system with a conventional (non-monochromatic) Al/Mg Dual-Anode X-ray source. The samples were rolled on graphite conducting tape, and measurements were conducted at 1E -9 Torr. The positions of the peaks were calibrated to the carbon peak at 284.6 eV.
The photocatalytic activities of the samples were determined by measuring the Coin cell assembly was prepared in standard 2325 hardware under dry argon atmosphere. The separator was from Celgard (product 2400). 1.0 M LiPF 6 in 1:2 EC:DEC was used as the electrolyte solution, and lithium as the counter electrode.
Cells were discharged to 0.95 V and charged to 3.05 V after 15 min resting for the 19 first cycle at C/25 (calculated from a specific capacity value of 336 mAh/g) using a
Maccor battery cycler at 30°C. For the 2 nd cycle, cells were discharged to 1.0 V and charge to 3.0 V at C/5. Then the cells were cycled at 1C from 1.0 V to 3.0 V. One data point was recorded every 10 mV of voltage change. For the first 18 cycles of the rate performance test, the charge and discharge rates were changed simultaneously;
and for the following cycles only the charging rates changed while the discharge rate was kept at 1C.
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